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Copper and its alloys have an excellent thermal conductivity,
good corrosion resistance and mechanical workability and
are widely used in heating and cooling systems. It is well-
known that corrosion products have a negative effect on heat
transfer on the copper based heat exchanger, which can be re-duced by periodic cleaning in hydrochloric acid pickling solu-
tions. Corrosion inhibitors could effectively eliminate some of
the undesirable reactions connected with destructive effects of
hydrochloric acid pickling solutions on the copper surface and
prevent its dissolution (Sherif et al., 2008). Corrosion inhibi-
tors are chemical substances, when added in small concentra-
tions to environment, effectively checks, decreases or
prevents the reaction of metal with the environment (Da-Quan
et al., 2008). It must be clearly understood that no universal
corrosion inhibitor exists. Each inhibitor must be tailored to
the speciﬁc corrosion problem that needs solution. While the
use of inhibitors for some types of corrosion can be similar
to others, this similarity must be treated as coincidence. Most
inhibitors have been developed by empirical experimentation.
Amines and triazoles derivatives have been reported to be very
effective inhibitors for copper in acidic solutions (Sherif et al.,
2007; Sherif and Park, 2006). The present work is an attempt
to study the corrosion inhibition of Benzotriazole for cop-
per–nickel alloy in 1.5 M HCl at different temperatures. The
Nomenclatures
ba and bc anodic Tafel slopes.
Csj concentration of species j at the electrode surface
(mol cm3).
icorr and il corrosion and limiting currents, respectively.
is0 exchange current density referring to surface con-
centrations (A cm2).
k0 rate constant (cm s1).
n number of electron transferred in electrochemical
reaction.
a+ and a transfer coefﬁcients of anodic and cathodic par-
tial reactions, respectively.
gct charge-transfer over potential of an electrochemi-
cal reaction (V).
gmt mass-transport over potential of an electrochemi-
cal reaction (V).
k the mass transfer correction factor.
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application of some basic theoretical models. Kinetics and
electrochemical parameters were also obtained.
2. Experimental work
The electrochemical behavior of copper–nickel alloys, which
are used widely in many industrial equipments, was studied
using polarization technique in the absence and presence of
Benzotriazole (BTA) in 1.5 M HCl solution at different tem-
peratures (35, 45, and 55 C), and different inhibitor concen-
trations (0.02, 0.04, 0.08, 0.1 M). Ring shape specimen of
Cu–Ni alloy with dimension (2.22 cm) outside diameter,
(1.5 cm) width, and (0.13 cm) thickness. Specimens were
washed by the detergent and ﬂushed by tap water followed
by distilled water, degreased by analar benzene and acetone,
then annealed in vacuums to 600 C for one hour and cooled
under vacuum to room temperature. Before each run, speci-
mens of Cu–Ni were abraded in sequence using emery paper
of grade number 220, 320, 400 and 600, then washed by run-
ning tap water followed by distilled water then dried by clean
tissue, degreased with benzene, dried, degreased with acetone,
dried, and ﬁnally left in desicater over silica gel. The chemical
compositions of Cu–Ni alloy were (0.148% Sn, 0.2% Fe,
0.134% Zn, 0.015% Al, 0.0003% P, 0.5% Sb, 0.0583% Pb,
0.0202% Si, 0.017% S, 0.0056% As, 10% Ni, and the remain-
der is Cu). Tests were carried out using a standard cell of 2.5 l.
The cell was equipped with six necks, ﬁve of them are used.
One was for the working electrode (Cu–Ni ring). One had a
spherical joint for mounting the lugging capillary prob., one
for thermometer, and two for the two counter gold electrodes.
All potential values were measured in reference to saturated
calomel electrode (SCE). The lugging capillary probe was ad-
justed such that it was at a distance of not more than
(2 mm) from the working electrode. The working electrode
was copper–nickel alloy ring; this ring was ﬁxed on brass zone
on the shaft. Gold electrodes were used as a counter electrode.
Saturated calomel electrode (SCE) was used as reference elec-
trode. After preparation of the working electrode, the corro-
sion cell parts were joined to each other, and then connected
to the power supply (Type 6236B, Hewlett Packard, USA).
The cathodic polarization was carried out beginning from
low potential of (450 mV) until reaching the corrosion poten-
tial. The potential was changed to (10–15 mV) for each step
after a one-minute period, then, the current was recorded by
inverting the connection of the power supply after polarizationreadings had been taken. The anodic polarization readings
started at a potential resulting in zero current density and
was increased in a step of (10–15 mV) with the current re-
corded at each step and with one minute interval until a poten-
tial of about (50 mV).
3. Theoretical background and mathematical model derivation
The general used methods for calculation of corrosion rates
from polarization measurements are based on the assumption
that the process is controlled by the rate of anodic and catho-
dic partial reactions and supply of reactants is unlimited, and
the mixed-control case, when the rate of the process is jointly
controlled by the surface reaction and the transport of material
to and from the surface has been much less investigated, even
thought this case may quite frequently reﬂect practical situa-
tions. So, it is very important to study the effect of neglecting
the mass transfer on corrosion parameters. The basic electrode
kinetic equation, which is derived in many references for gen-
eral redox reaction, O + ne = R, is usually written as (Bockris
and Reddy, 1973; Kreyszig, 1999):
i ¼ is0 exp
aþFgct
RT
 
 exp a
Fgct
RT
  
ð1Þ
where
is0 ¼ nFk0ðCs0Þ
aþ
n ðCsRÞ
a
n ð2Þ
aþ þ a ¼ n ð3Þ
Eq. (1) is useful for conditions when mass-transport effect is
negligible, that is, the surface concentrations are equal to the
bulk concentrations and the measured over potential is equal
to the charge-transfer over potential. If mass-transport effect
is not negligible, Eq. (1) has to be modiﬁed. Two modiﬁcations
are needed: (1) the measured over potential must be corrected
for the mass-transport over potential, and, (2) the exchange
current density has to be expressed as a function of bulk con-
centrations. After taking into account this two-assumption,
Eq. (1) can be re-derived to yield (Kreyszig, 1999),
i ¼ icorr exp 2:3DE
ba
 
 k exp  2:3DE
bc
  
ð4Þ
k ¼ 1
1 icorr
il
þ icorr
il
exp  2:3DE
bc
 	 ð5Þ
Table 1 Corrosion parameters obtained from polarization
curves using Tafel extrapolation method at different
conditions.
C (M) Temp.
(C)
Ecorr
(mV)
icorr
(lA/cm2)
bc (mV) +ba (mV) h
Nil 35 250 50.32 447 140
45 264 70.79 421 165.4
55 270 79.34 270 141.5
0.02 35 240 18.75 392 80.31 0.62
0.04 230 15.2 255.4 105.9 0.69
0.08 223 11.523 255.1 103.2 0.77
0.1 200 6.013 206.6 160.4 0.88
0.02 45 240 26.8 395.3 133.2 0.61
0.04 235 23.93 388.1 190.21 0.66
0.08 238 18.4 397.9 184.7 0.74
0.1 220 10.82 274.77 170.22 0.84
0.02 55 250 37.96 230.2 141.53 0.53
0.04 243 32.32 301.4 136.31 0.59
0.08 245 22.15 238.8 136.63 0.72
0.1 235 15.033 305.3 225.4 0.81
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written in the form,
k ¼ 1
1 bþ b expð 2:3DE
bc
Þ ð6Þ
b ¼ icorr
il
; and il is the limiting diffusion current. Eq. (4) is com-
pletely general in that it describes the polarization curve for the
case when the cathodic reaction is under mass-transport con-
trol (il = icorr), mixed control (il > icorr), or charge-transfer
control (il =1). If the exponential terms of Eq. (4) are
expanding in series, we come to the equation of polarization
curve by the way of degree polynomial (Khadom et al., 2009):
iðgÞ ¼ C0 þ C1gþ C2g2 þ C3g3 þ    þ Cngn ð7Þ
where C0, C1, C2, . . .Cn are constants. Eq. (7) is a non-linear
equation of (gi) relationship. The coefﬁcients of (g) can be
obtained by a non-linear estimation method using STATISTI-
CA software program from a set of experimental points of i as
a function of g for Cu–Ni alloy corrosion in 1.5 M HCl acid
solution in the absence and presence of BTA as corrosion
inhibitor. Over potential interval was 100 to 100 mV from
Ecorr. Eq. (7) can be written in the form of the Maclaurin for-
mula as (Khadom et al., 2009);
iðgÞ ¼ @i
@g
 
g¼0
gþ 1
2!
@2i
@g2
 
g¼0
g2 þ    þ 1
n!
@ni
@gn
 
g¼0
gn ð8Þ
By comparison of Eqs. (7) with (8), the polynomial coefﬁcient
can be written as;
C0 ¼ 0 ð9Þ
C1 ¼ 2:303icorr 1
ba
 
þ 1
bc
 
ð1 bÞ
 
ð10Þ
2C1 ¼ 5:303icorr 1
ba
 2
 1
bc
 2
ð1þ 3b 2b2Þ
( )
ð11ÞFigure 1 Polarization curves for the corrosion of Cu–Ni alloy in 1.56C3 ¼ 12:214icorr 1
ba
 3
þ 1
bc
 3
ð1 7bþ 12b2  6b3Þ
( )
ð12Þ
24C4 ¼ 28:13icorr 1
ba
 4
 1
bc
 4
ð1þ 15b 50b2 þ 60b3  24b4Þ
( )
ð13Þ
The sets of above equations can be solved with the help of
MathCAD Computer Program-Substitution Method (Math-
CAD 2000 Professional). Corrosion process kinetic parameters
determined by this model are listed in Table 2 for the corrosion
of Cu–Ni alloy in 1.5 M HCl acid in the absence and presence
of BTA. The dimensionless factor ðicorr
il
Þ or b can be used to
determine the corrosion mechanism. The values of b haveM HCl at 35 C in presence of BTA at different concentrations.
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slow charge transportation; at b= 1 the limiting stage of total
process is the depolarizer transport to electrode surface.
Korobove and Medvedeva (2000) suggested that in the range
of b< 0.05 and b> 0.95, it is possible to use the simpliﬁed
form of Eqs. (4) and (9)–(13) (for activation and diffusion
mechanism) without precision of calculations evaluation.
4. Results and discussion
Fig. 1 shows one of the polarization curves of BTA at different
conditions. The corrosion current densities were estimated by
Tafel extrapolation of cathodic and anodic curves to the corro-
sion potentials. The Tafel slopes were estimated as well. Table 1
shows the corrosion current densities, cathodic and anodicFigure 2 Mass transfer correction factor as a f
Figure 3 Mass transfer correction factor as a fTafel slopes and inhibitor efﬁciencies in term of surface cover-
age, at different conditions. Table 1 show that the values of
corrosion current densities increase with increasing in temper-
atures in both the absence and presence of inhibitor. It is also
shown that the corrosion current densities decrease with
increasing the inhibitor concentrations at any temperature.
The corrosion potential is inﬂuenced by both temperature
and inhibitor concentrations. In the absence of inhibitor, the
corrosion potential shifts to less noble direction as the temper-
ature increased from 35 to 55 C. The same behavior was ob-
served in presence of inhibitor, the increasing in temperature
lead to shift the corrosion potential to more active values.
While at constant temperature, the corrosion potentials in
the presence of inhibitor are shifted to more positive direction
as the inhibitor concentrations increased. It is observed inunction of over potential for BTA at 35 C.
unction of over potential for BTA at 45 C.
Figure 4 Mass transfer correction factor as a function of over potential for BTA at 55 C.
Table 2 corrosion parameters obtained from polarization
curves using b-model at different conditions.
C (M) Temp.
(C)
icorr
(lA/cm2)
il
(lA/cm2)
b ba
(mV)
bc
(mV)
Nil 35 43.61 100.3 0.43 233 391
45 63.11 177.8 0.35 195 445
55 89.12 251.2 0.354 190 320
0.02 35 24.3 83.17 0.29 147 435
0.04 17.78 74.99 0.23 139 300
0.08 10.35 50.12 0.2 159 355
0.1 6.31 32.36 0.19 195 276
0.02 45 39.8 125.9 0.316 155 420
0.04 25.12 112.5 0.223 180 390
0.08 21.33 70.8 0.301 220 418
0.1 11.22 50.12 0.224 200 320
0.02 55 45.8 158.5 0.289 153 241
0.04 31.62 135.25 0.233 162 318
0.08 27.88 102.31 0.273 191 332
0.1 19.95 63.1 0.316 225 327
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cathodic parts of the curves. Therefore, BTA acts as mixed-
type inhibitor, although the small shift of corrosion potential
in the positive sense as compared to the uninhibited solution
shows that the effect on the anodic reaction is somewhat more
pronounced than on the cathodic reaction, and the further
enhancement of the corrosion inhibition with increasing con-
centration is almost entirely due to the change in the anodic
branch. Furthermore, the inhibitor can be classiﬁed as anodic
or cathodic type when the change in Ecorr value is larger than
85 mV (Ashassi-Sorkhabi et al., 2004). Since the largest dis-
placement exhibited by BTA is 50 mV (Table 1), then these
inhibitor molecules can be considered as mixed-type inhibitors.
In the present work, and from Table 2 the values of il > icorr,
and b ranged from (0.19–0.43) in the absence and presence of
inhibitor and at different temperatures. This indicates the
mixed control corrosion mechanism, with more effect for acti-
vation control (because b< 0.5). In the presence of inhibitor,
the average values of b were 0.29, and generally, the values of b
decreases as the inhibitor concentration increases. This reduc-
tion may indicate that the addition of BTA will slow down the
charge transfer process by adsorption on the metal surface, i.e.,
the charge-transport step will be the lowest one. And this indi-
cates the strong adsorption of BTA on the metal surface,
which adsorbed on anodic and cathodic areas. However, it
was concluded that in deaerated system, BTA inhibits the ano-
dic reaction of copper in acidic, neutral and alkaline solutions.
Moreover, it inhibits, stimulates and has no effect on cathodic
reaction in acidic, neutral and alkaline solutions, respectively
(Khadom, 2006). For the oxygenated system, BTA inhibits
the anodic dissolution of copper and the oxygen reduction
reaction in acidic, neutral and alkaline solutions. The effect
of temperature at different inhibitor concentrations on the val-
ues of b was approximately negligible. Corrosion parameters
obtained from b-Model (Eqs. (8)–(13)) were listed in Table 2.
The values of limiting diffusion current density were increased
with both temperature increasing and inhibitor concentration
decreasing. The values of icorr, bc and ba were approximatelythe same as the values obtained by Tafel Extrapolation Meth-
od with some deviations. This deviation may be due to the ef-
fect of mass-transport on the activation process. Therefore,
mass transfer correction factor was needed to take into ac-
count these deviations.
5. Mass transfer correction factor
Eq. (6) can be used to determine the mass transfer correction
factor (k) at deferent values of b and bc. The values of k as a
function of over potential were shown in Figs. 2–4. It is known
that both activation and concentration polarization usually oc-
cur at the electrode. At low reaction rates, activation polariza-
tion usually controls, while at higher reaction rates
concentration polarization becomes the controlling factor.
The total polarization of an electrode is the sum of the
contributions of activation polarization and concentration
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shown in Figs. 2–4 that the values of k will approach unity
at low over potential and decrease as over potential increases.
Generally, the values of k increases with inhibitor concentra-
tions, and these values approach unity at low over potential.
This behavior, may be attributed to the adsorption of the
inhibitor on the metal surface, this adsorption will inhibit both
the anodic and cathodic reaction. Anodic reaction was as-
sumed to be always under charge-transfer control, while the
cathodic reaction is a mixed control, so that, the adsorption
of the inhibitor will slow down the charge-transfer step. This
step will control the corrosion process more than the mass-
transport step and the value of k approach unity (i.e., the cor-
rection factor becomes less important at low over potential
and as the concentration of inhibitors increased).
6. Conclusion
BTA inhibits the corrosion of Cu–Ni alloy in 1.5 M HCl acid
solution by affecting both anodic and cathodic partial reaction
with more effect on anodic one. The corrosion current densi-
ties increase with increasing temperature and decrease with
increasing inhibitor concentrations. b–Model used in present
work suggest that the mechanism of Cu–Ni alloy corrosion
was a mixed control, i.e., both mass transfer and charge trans-
fer will control the corrosion process, but the effect of charge
transfer step was larger. Addition of BTA will lower the value
of b, which indicates the anodic nature of this inhibitor.Acknowledgment
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